Abstract Heterotrimeric cardiac troponin (cTn) is a critical component of the thin filament regulatory complex in cardiac muscle. Two of the three subunits, cTnI and cTnT, are subject to post-translational modifications such as proteolysis and phosphorylation, but linking modification patterns to function remains a major challenge. To obtain a global view of the biochemical state of cTn in native tissue, we performed high resolution top-down mass spectrometry of cTn heterotrimers from healthy adult rat hearts. cTn heterotrimers were affinity purified, desalted and then directly subjected to mass spectrometry using a 7 Tesla Thermo LTQ-FT-ICR instrument equipped with an ESI source. Molecular ions for N-terminally processed and acetylated cTnI and cTnT were readily detected as were other post-translationally modified forms of these proteins. cTnI was phosphorylated with a distribution of un-, monoand bisphosphorylated forms of 41 ± 3%, 46 ± 1%, 13 ± 3%, respectively. cTnT was predominantly monophosphorylated and partially proteolyzed at the Glu 29 -Pro 30 peptide bond. Also observed in high resolution spectra were 'shadow' peaks of similar intensity to 'parent' peaks exhibiting masses of cTnI?16 Da and cTnT?128 Da, subsequently shown by tandem mass spectrometry (MS/ MS) to be single amino acid polymorphisms. Intact and protease-digested cTn subunits were fragmented by electron capture dissociation or collision activated dissociation to localize an Ala/Ser polymorphism at residue 7 of cTnI. Similar analysis of cTnT localized an additional Gln within a three residue alternative splice site beginning at residue 192. Besides being able to provide unique insights into the global state of post-translational modification of cTn subunits, high resolution top-down mass spectrometry readily revealed naturally occurring single amino acid sequence variants including a genetic polymorphism at residue 7 in cTnI, and an alternative splice isoform that affects a putative hinge region around residue 192 of cTnT, all of which co-exist within a single rat heart.
Introduction
The heterotrimeric protein troponin (cTn) together with tropomyosin (Tm) make up the thin filament associated Ca 2? regulatory switch in cardiac muscle (Solaro 2008) . Two subunits of the cTn complex, cTnI and cTnT, are widely used in clinical medicine as biomarkers of cardiac injury (Jaffe et al. 2006) . Moreover, cTn subunits have received considerable attention as sarcomeric protein genes harboring mutations that cause familial hypertrophic cardiomyopathy (HCM) in humans (Harada and Morimoto 2004) . cTnI and cTnT are known to be key substrates for regulatory kinases including protein kinase A, protein kinase C and many others (Pi et al. 2002 (Pi et al. , 2003 Sumandea et al. 2003; Vahebi et al. 2005; Solaro 2008 ). Proteolytic cleavage of troponin subunits has also been suggested to contribute to cardiac syndromes such as myocardial stunning and chronic heart failure (Murphy 2006) .
Traditional strategies for establishing the state of posttranslational modification of cTn rely on 32 P-incorporation, tryptic peptide mapping (Jideama et al. 1996) , and western blotting using antibodies to known phosphoserine and phosphothreonine epitopes Wang et al. 2006; Messer et al. 2007 ). These strategies can be quite specific and relatively quantitative, but they seldom provide a global (i.e. comprehensive) view of the chemical state of these critical proteins. Developments in chromatography and mass spectrometry (MS) have dramatically improved the ability to identify peptides and localize protein modifications in a controlled proteolytic digest with sub-dalton mass accuracy (i.e. the 'bottom-up' approach; Nesviszhsii et al. 2007 ). Unfortunately, this strategy is also not comprehensive because some regions of the protein are not represented in the peptide digest (sequence coverage is incomplete) and quantification of peptides in a mixture remains a significant challenge. Moreover, with digestion the 'connectivity' between modified peptides from different regions of the protein is lost, further precluding a comprehensive understanding of protein modifications, particularly those that may be inter-dependent.
Mass analysis of intact proteins (i.e. the 'top-down' approach) offers the promise of a global assessment of posttranslational modifications and point mutations, including the localization of protein modifications with nearly complete sequence coverage (Ge et al. 2002; Han et al. 2006; Kelleher et al. 1999; Siuti and Kelleher 2007; Zabrouskov et al. 2008) . The top-down strategy starts with highly accurate molecular weight measurements of intact proteins followed by fragmentation in the mass spectrometer of a protein of interest by electron capture dissociation (ECD) (McLafferty et al. 2001) or collisionally activated dissociation (CAD) (Senko et al. 1994) , and accurate mass analysis of the ensuing fragments to obtain primary sequence information.
With the goal of obtaining a more complete view of the chemical state of cTn subunits in native tissues, we report here a strategy involving: (i) affinity purification of whole troponin complexes (containing cTnI, cTnT and cTnC) from a single rat heart (Messer et al. 2007 ) followed by (ii) high resolution tandem mass spectrometry of the entire complex without protease digestion (Zabrouskov et al. 2008) . As expected, this strategy provides novel insights into post-translational modification of cTnI and cTnT including N-terminal processing, phosphorylation and proteolysis. Unexpectedly, the technique also revealed single amino acid sequence polymorphisms in both cTnI and cTnT in normal healthy rat hearts. The polymorphisms were shown to be an Ala to Ser substitution in residue 7 of cTnI, and a likely alternative splice variant that affects a putative hinge region of cTnT around residue 192. Some of this data has been presented in preliminary form to the American Biophysical Society (Sancho Solis et al. 2009 ).
Experimental procedures

Materials
All reagents were obtained from Sigma Chemical Co (St Louis, MO, USA) unless noted otherwise. Complete protease inhibitor cocktail, trypsin (Sequencing grade, modified), Lys-C (Endoproteinase Lys-C) or Glu-C (Endoproteinase Glu-C) were from Roche (Mannheim, Germany).
Affinity purification of cTn
All procedures were approved by the University of Wisconsin Animal Care and Use Committee. Whole cTn complexes were affinity purified by the method of Messer et al. (2007) with modifications. Briefly, hearts were surgically excised from adult male Sprague-Dawley rats anesthetized with isoflurane and rapidly washed with ice-cold Ringer's solution (125 mM NaCl, 5 mM KCl, 25 mM HEPESNaOH pH 7.4, 2 mM NaH 2 PO 4 , 1.2 mM MgSO 4 , 5 mM Pyruvate and 11 mM D-glucose) to remove blood. Ventricular tissue was homogenized for 4-6 s in relaxing solution (100 mM KCl, 10 mM Imidazole, 6 mM MgCl 2 , 2 mM EGTA, 5 mM ATP, 1 mM PMSF, 1 mM DTT, 10 mM Benzamidine and 0.75 mg/ml protease inhibitor cocktail) using a Polytron homogenizer. Cell fragments were skinned (chemically permeabilized) in relaxing solution containing 0.33% Triton-X-100 and 0.5 mg/ml BSA for 4 min, washed twice then incubated in extraction solution (0.7 M LiCl, 25 mM Tris pH 7.5, 5 mM EGTA, 0.1 mM CaCl 2 , 5 mM DTT, 1 mM PMSF and 0.75 mg/ml protease inhibitor cocktail) for 1 h at 4°C. Cell debris was removed by centrifugation at 55,000 rpm for 45 min (80Ti rotor, Beckman L-55 ultracentrifuge). The supernatant was incubated with 0.3 ml of CNBr-activated Sepharose CL-4B conjugated with a monoclonal cTnI antibody (anti-troponin I monoclonal antibody MF4, Hytest, Finland) for 1 h at 4°C and then loaded into an empty disposable column. After washing with 5 column volumes of extraction solution, the column was eluted with 50 mM glycine pH 2 while 0.4 ml fractions were collected and neutralized immediately by 80 ll of 1 M MOPS pH 9. Fractions were analyzed for protein content by SDS-PAGE on 15% gels stained with Coomassie Blue. Typically, four eluted fractions contained cTn subunit bands at 17 kDa (cTnC), 27 kDa (cTnI) and 34 kDa (cTnT), with fraction 2 showing the darkest bands and most consistent 1:1:1 stoichiometry (Fig. 1) .
Top-down mass spectrometry
Immunoaffinity purified rat cTn complexes were desalted using an offline reverse phase C18 protein microtrap (Michrom Bioresources, Inc, CA), eluted first with 1% acetic acid in 50:50 methanol:water and then 1% acetic acid in 75:25 methanol:water. Samples were introduced to the mass spectrometer using an automated chip-based nanoESI source (Triversa NanoMate, Advion BioSciences, Ithaca, NY) with a spray voltage of 1.4-1.6 kV versus the inlet of the mass spectrometer, resulting in a flow of 50-200 nl/min. Protein molecular ions were analyzed using a linear trap/FTICR (LTQ FT Ultra) hybrid mass spectrometer (Thermo Scientific Inc., Bremen, Germany). Ion transmission into the linear trap (LT) and subsequently into the FTICR cell was automatically optimized for maximum ion signal. The number of accumulated ions for the full scan LT, FTICR cell (FT), MS n FTICR cell and ECD were 3 9 10 4 , 9 9 10 6 , 8 9 10 6 and 5 9 10 6 , respectively. The resolving power of the FTICR mass analyzer was typically set at 200,000 resulting in an acquisition rate of 1 scan/s. Charge states of protein molecular ions were first isolated and then dissociated by ECD using 2-3% ''electron energy'' and a 45-150 ms duration with no delay. Isolated charge states were also dissociated by CAD using collision energies in the range of 10-22%. Typically, 500-3,000 transients were averaged to ensure high quality ECD or CAD spectra. All FTICR spectra were processed with Xtract Software (FT programs 2.0.1.0.6.1.4, Xcallibur 2.0.5, Thermo Scientific Inc., Bremen, Germany) using a signal to noise threshold of 2 and fit factor of 40%, and then validated manually. The resulting mass lists were further assigned using in-house ''Ion Assignment'' software (Version 1.0) based on the protein sequence of rat cTnI and cTnT obtained from Swiss-Prot protein knowledgebase (primary accession numbers P23693 and P50753 isoform 2, respectively). Allowance was made for possible post-translational modifications such as removal of initial Met, acetylation of the N-terminus and variable phosphorylation sites, using a 0.1 Da tolerance for precursor and fragment ions. All reported M r values are most abundant masses.
Bottom-up mass spectrometry
Immunoaffinity purified cTn complexes were reduced and alkylated by incubation in 20 mM DTT for 10 min at 95°C, followed by incubation with 50 mM iodoacetic acid for 30 min at 37°C. After pH was adjusted to 8.0 by addition of 50 mM bicarbonate, samples were incubated with trypsin, Lys-C or Glu-C at a final ratio of 1:20 to 1:50 protease to protein by weight and incubated overnight at 25°C or 37°C. The reaction was terminated by addition of 4 ll of acetic acid. The resulting peptide mixture was desalted using an offline reverse phase C18 peptide microtrap (Michrom Bioresources, Inc., CA) and analyzed using a linear trap/ FTICR (LTQ FT Ultra) hybrid mass spectrometer (Thermo Scientific Inc., Bremen, Germany). Individual charge states of candidate peptides were isolated and dissociated by ECD (3-5% ''electron energy'' and 75-150 ms duration with no delay) or CAD (12-25% collisional energies).
Results
Affinity purified cTn from adult rat heart showed three major bands on Coomassie stained SDS-PAGE gels with the expected molecular sizes of 17, 27 and 34 kDa (Fig. 1) . Mass spectrometry analysis of these purified protein preparations consistently revealed complex charge state envelopes and isotope patterns from which assignments were made for full length cTnI ( Fig. 2) and cTnT (Fig. 5) . Mass peaks for cTnC were seldom observed for reasons that are not yet known. For cTnI, a strong signal was observed for a species with most abundant mass of 24,069.72 Da which matched rat cTnI with the initial Met removed and the new N-terminal Ala acetylated. Species were also readily observed that matched this N-terminally processed cTnI containing either one or two covalently bound phosphoryl moieties (i.e. ?80 Da and ?160 Da). The intensity ratio for cTnI in its unphosphorylated (cTnI), monophosphorylated (cTnI-P) and bisphosphorylated (cTnI-PP) states averaged over spectra from 11 hearts was 41 ± 3%, 46 ± 1%, 13 ± 3%, respectively (Fig. 2) . The monophosphorylated species of cTnI (cTnI-P) was isolated in the mass spectrometer and subjected to ECD fragmentation to localize the phosphorylated residue(s). Fragmentation patterns revealed that the vast majority of phosphorylation in cTnI-P was at one of the two PKA phosphorylation sites, Ser 22 or Ser 23 (Fig. 3) . A definitive localization to one of these sites was not possible because the key fragmentation event between Ser 22 and Ser 23 was not consistently observed. Further analysis of N-terminal peptides generated by 'in solution' trypsin digestion of cTn complexes did, however, place a phosphoryl moiety predominantly at Ser 22 (data not shown), consistent with a previous analysis of human cTnI (Zabrouskov et al. 2008) .
In some preparations, a striking pattern of 'parent' and 'shadow' peaks of nearly identical intensity was observed with masses equivalent to cTnI and cTnI?16 Da including un-, mono-and bisphosphorylated forms of each (Fig. 2a) . In other preparations, only one set of these peaks was observed: the 'parent' peaks at cTnI, cTnI-P and cTnI-PP, or the corresponding 'shadows' peaks at cTnI?16, cTnI-P?16 and cTnI-PP?16 Da (Fig. 2a) . Out of 11 total hearts analyzed, an equal mixture of 'parent' and 'shadow' peaks occurred in seven hearts, parent peaks alone occurred in one heart, and shadow peaks alone occurred in three hearts. Isolation and fragmentation of the cTnI?16 Da peak revealed a ?16 Da difference within the first 20 residues of cTnI (Fig. 3) . Further localization of this modification was achieved by trypsin digestion to generate peptide fragments that could be further sequenced by MS/MS (Fig. 4) . This analysis localized the 16 Da difference to residue 7 of cTnI, placing an Ala or a Ser at this position. This sequence polymorphism may have an impact on the extent of cTnI phosphorylation as the Ser 7 variant tended to display more phosphorylation than the Ala 7 variant (Fig. 2a) , but resolving this issue will require further investigation.
For cTnT, a strong signal was observed for a species with mass of 34,442.44 Da which matched rat cTnT (adult isoform 2) with the initial Met removed, the new N-terminal Ser acetylated, and a single covalently bound phosphoryl moiety (?80 Da) (Fig. 5) . Unphosphorylated cTnT represented 10% of the total intensity of intact cTnT indicating that the majority of cTnT was constitutively monophosphorylated (cTnT-P), possibly on a single site as bisphosphorylated cTnT was not detected. A major protein ion was also detected with mass of 30,950.17 Da (Fig. 5 ) and 40 z-ions that matched its C-terminus (data not shown). Importantly, this cTnT30-288 fragment was not N-terminally acetylated (nor were any of its ECD generated c-ions) suggesting that it arose through proteolysis rather than via a secondary transcription/translation start site or via alternative mRNA splicing (see section ''Discussion''). cTnT30-288 was also not phosphorylated suggesting that full length cTnT-P was phosphorylated within the first 29 residues of its N-terminus. ECD fragmentation of intact cTnT-P further indicated that there was no detectable phosphorylation between Ser 198 and the C-terminus, thereby ruling out significant basal phosphorylation of PKC Fig. 2 ) . However, topdown ECD and protease digestion of cTnT-P both failed to narrow down phosphorylation site(s) further, possibly due to the highly acidic nature of the N-terminus of cTnT.
Another major peak was observed with extensive sequence similarity to cTnT-P, but differed in its overall mass by 128 Da (Fig. 5a) . Addition or subtraction of C-terminal Lys (equivalent to 128 Da) was ruled out by numerous ECD generated z-ions that revealed retention of a single C-terminal Lys. Moreover, the ECD data clearly showed that the 128 Da addition was not contained between Ser 198 and the C-terminus of cTnT. Glu-C digestion was then employed to generate candidate peptides that contained the ?128 Da mass difference. Two peptides were observed that matched the mass of an internal cTnT peptide at Ala 173 to Glu 195 and Ala 173 to Glu 195 ?128 Da (Fig. 6 ). The two peptides were isolated and subjected to MS/MS by CAD. Indeed, one peptide matched the sequence of a 23 amino acid peptide from residues 173 to 195 of cTnT (Fig. 6a) . The other peptide matched the sequence of a 24 amino acid peptide with an extra 128 Da at residue 20 (Fig. 6b) . Therefore, the tandem MS/MS data of these peptides placed an extra Lys or Gln at residue 20 of this peptide, equivalent to residue 192 of full length rat cTnT (Fig. 6) . As described in the section ''Discussion,'' these observations can be accounted for by the presence of two alternatively spliced variants of cTnT that include or delete a Gln at position 192 of the protein sequence.
Discussion
In this study we describe a high resolution top-down mass spectrometry strategy to examine the biochemical state of cardiac troponin (cTn) subunits isolated from rat heart. Affinity chromatography with a well-characterized monoclonal antibody resin was employed to rapidly purify cTn complexes from rat heart homogenates. The entire complex, after desalting, was then subjected to mass spectrometry to reveal masses of intact cTnI and cTnT, as well as prominent post-translationally modified forms. The use of high resolution top-down mass spectrometry offered significant advantages for the identification and quantification of single amino acid sequence variants of the cTn subunits. Also key to the analysis was peptide backbone fragmentation in the gas phase by ECD and CAD, in combination with 'in solution' proteolytic digestion that allowed for extensive peptide/protein sequencing, and thus for precise localization of observed sequence heterogeneities and other modifications. An apparent genetic polymorphism was observed here at the protein level for cTnI expressed in Sprague-Dawley rat hearts. This polymorphism has been detected previously at the mRNA level by sequence analysis of rat heart cDNA clones (Martin and Orlowski 1991) . We confirm here that the polymorphism at position 7 of rat cTnI occurs at the protein level and within a single heart. The functional significance of this apparent 'allelic' polymorphism remains an open question.
Monophosphorylated cTnI was predominantly phosphorylated on Ser 22 , the N-terminal side of the vicinal Ser 22/23 pair targeted by protein kinase A. This result is similar to what was observed in a top-down mass spectrometry analysis of human cTnI (Zabrouskov et al. 2008) . In that study, preferential phosphorylation of Ser 22 was interpreted to indicate that phosphor-Ser 22 is the thermodynamically favored site in vivo, despite the fact that the Ser 23 site (the C-terminal side of the pair) appears to be kinetically favored by protein kinase A in vitro (Jaquet et al. 1995; Zhang et al. 1995; Keane et al. 1997; Sancho Solis and Walker unpublished) . This apparent paradox can be accounted for by assuming that in vivo a phosphatase complementary to the kinase dephosphorylates Ser 23 more quickly than Ser 22 . In such a system, Ser 22 would behave as the more stable (but still slowly turning over) site of modification, while Ser 23 would turn over much more rapidly. Intriguingly, in such an arrangement, phosphoSer 22 may serve as a steady state indicator of the recent history of activation by b-stimulation and protein kinase A, and would effectively serve to prime the system for more rapid onset of biological effects. One important difference between the rat cTnI results described here and the earlier results with human cTnI is that the human samples displayed a second prominent monophosphorylation site at Ser 76 or Thr 77 (Zabrouskov et al. 2008) . This may reflect a limitation of the earlier study in which human cTnI, obtained commercially from Sigma-Aldrich or Calbiochem, was purified from mixtures of tissue obtained from multiple hearts. In contrast, the rat data described here were from single healthy rat hearts. The source of the human tissue is less well defined although company technical support believes it to be from 'healthy' human heart tissue.
Analysis of rat cTnT in the present study revealed its own unique forms of molecular heterogeneity. cTnT was observed to be predominantly monophosphorylated accounting for 90% of the intensity of full length cTnT in the mass spectra. We were unable to localize the monophosphorylation site(s) in rat cTnT with any precision, although ECD of cTnT-P did argue strongly against basal phosphorylation in the C-terminus downstream of residue 197 including Ser 198 and Thr 203 which are putative PKC phosphorylation sites (Sumandea et al. 2003) . Studies in a variety of animal species have established Ser 1 of cTnT as a common phosphorylation site targeted by casein kinase 2 and often basally phosphorylated to near stoichiometric levels (Gusev et al. 1983; Risnik et al. 1985; Leszyk et al. 1987; Swiderek et al. 1990 ). Interestingly, the present data provided virtually no sequence information in the N-terminal region of cTnT using either top-down analysis (i.e. no c-ions were observed) or bottom-up analysis (i.e. no N-terminal proteolytic peptides were detected). This may be a reflection of the unique composition of the N-terminus of cTnT which contains among its first 41 residues 25 acidic amino acids (Glu or Asp), no basic residues (Arg or Lys), and exhibits a strongly acidic pI (isoelectric point) of less than 3. Thus, while the conditions employed in this study were not optimized for mass analysis of highly acidic peptides, and may have precluded the precise localization of the phosphoryl moiety in monophosphorylated cTnT, our data are consistent with constitutive phosphorylation of Ser 1 in this species. Considerable insight on this and other issues was provided by a detailed mass analysis of a prominent cTnT- Fig. 5 cTnT isoforms Cell Motil (2008) 29:203-212 209 related species at 30,950.17 Da. Its mass matched with \5 ppm mass accuracy the predicted mass of a cTnT fragment containing residues 30-288; moreover, ECD generated a multitude of matching fragment ions covering both the N-and C-termini of this cTnT30-288 species. Importantly, the N-terminus of this version of cTnT was not acetylated suggesting that it arose from proteolysis of full length cTnT rather than via other transcriptional or translational mechanisms capable of generating protein diversity. Mass data of this quality and precision also virtually completely rules out the possibility that this cTnT species arose from an unusual or unknown mRNA splicing event, an important consideration for cTnT which can be extensively spliced (Biesiakecki et al. 2002) . With regard to localization of phosphoryl moieties in cTnT-P, identification of cTnT30-288 also provided evidence for cTnT-P phosphorylation in the first 29 residues, as cTnT30-288 was consistently not phosphorylated. In retrospect, proteolytic processing of cTnT as evidenced by the presence of cTnT30-288 is not surprising, as the highly acidic N-terminal domain is predicted to be disordered and unstable. cTnT has been shown to be proteolytically processed at its N-terminus with pronounced effects on in vivo rat heart function (Feng et al. 2008) . In that case, the predominant proteolytic event removed 71 residues from the N-terminus of cTnT compared to 29 residues observed here. A 26,400 Da fragment that could have arisen from removal of a 71 residue N-terminal domain was occasionally observed in our mass spectra, but only at very low levels that precluded further analysis by MS/MS fragmentation. A better understanding of mechanisms and consequences associated with proteolytic processing of the highly acidic N-terminal domain of cTnT will require further investigation.
A single amino acid variant at ?128 Da was also detected for rat heart cTnT, with peak intensity representing approximately 40% of the total cTnT peak intensity in the spectra. A ?128 Da variant was also associated with the cTnT30-288 proteolytic fragment of cTnT. Top-down and bottom-up analysis of cTn unequivocally localized this ?128 Da were isolated (insets), and subjected to sequence analysis by CAD fragmentation (upper and bottom panels). Peptide sequences are labeled with bonds cleaved and fragment ions detected ?128 Da difference to residue 192 of cTnT, a mass difference that could be due to the presence of an additional Gln or Lys at this location. Sequencing of genomic DNA clones of rat cTnT has revealed the presence of a 9 bp exon (exon 12) that encodes a tripeptide Gln-Ala-Gln (Jin et al. 1992) . Sequence analysis of cDNA clones further revealed that exon 12 is alternatively spliced in three ways: class I splicing retains the entire tripeptide in the sequence; class II splicing retains only Ala-Gln; and class III isoforms have the entire tripeptide spliced out. In that study, class II splicing was estimated to account for *80% of the cTnT protein expressed in rat heart (Jin et al. 1992) . The most straight forward interpretation of the mass spectral data presented here is that the presence of ?128 Da at residue 192 is due to class I splicing (inclusion of the entire tripeptide), whereas class II splicing would account for the peak lacking one Gln (-128 Da). According to this interpretation, class I splicing accounted for *40% of cTnT expressed in these Sprague-Dawley rat hearts, class II splicing (lacking Gln) accounted for *60% of cTnT expressed, and class III splicing with the entire tripeptide removed was undetected and thus not expressed at significant levels.
The functional significance of this splice heterogeneity remains to be determined, although it has been proposed that this region functions as a linker between distinct cTnT domains, namely the intrinsically disordered N-terminal Tm binding domain and the cTnI binding cTnT1 domain (Harada and Morimoto 2004) . Importantly, the present data clearly shows that heterogeneity in the length (and/or composition) of this putative linker occurs within a single rat heart. The present data were collected on combined right and left ventricular tissue of individual hearts, so whether or not this cTnT splice heterogeneity is distributed evenly throughout the heart remains to be explored. Analysis of molecular forms of cTnT within atrial versus ventricular tissues, from the right versus left heart chambers, or even transmurally across the ventricular walls may require improvements in methodology including enhanced mass spectrometer sensitivity and better protein recovery during purification and desalting.
Finally, it is of interest to determine how these single amino acid polymorphisms in cTn subunits alone or in combination might impact rat heart function. Understanding the Ala 7 /Ser 7 polymorphism in cTnI may be more tractable as our methodology can be used to establish the 'genotype' of these rats at this locus. A systematic analysis of cardiac function prior to genotyping by isolation and mass spectrometry of cTn could be used to reveal functional differences between Ala 7 and Ser 7 variants, as well as to establish the properties of 'heterozygotes'. To evaluate the functional implications of the cTnT sequence variants, whose ratio does not appear to vary from animal to animal, may require in vitro functional assays in skinned muscles wherein the composition of cTn can be controlled by reconstitution or subunit exchange (Solaro 2008) .
